Polybutylene succinate, a kind of biodegradable polymer, shows thermally stimulated polarization current (TSPC) peaks at around -35 o C and 50 o C. The lower-temperature TSPC peak can be well explained by dipolar polarization. As for the higher-temperature TSPC peak, the permittivity increases more significantly with a decrease in frequency, and the increment in permittivity estimated from the TSPC area agrees with the difference in permittivity at a sufficiently low frequency and at a sufficiently high frequency. It is assumed that a hetero charge layer is formed in front of the two electrodes and that such space charge is responsible for both the higher-temperature TSPC peak and the permittivity increase. The dielectric loss factor also increases with a decrease in frequency, and the increment is in good agreement with the assumption that the dielectric loss is ascribed to conduction loss due to high conductivity at high temperatures. All the results indicate that mobile ions are dominant carrier species in polybutylene succinate.
The dielectric property of polybutylene succinate (PBS), a biodegradable polymer of which dielectric property has not been reported to the authors' knowledge, is examined in the present research. Figure 1 shows the relative permittivity ε r ' as a function of frequency. The permittivity increases with a decrease in frequency more significantly at higher temperatures. Figure 2 shows TSPC spectra obtained by poling at -100 o C (poling time t p = 0 s) and by poling at 20 o C (t p = 10 2 s, 10 3 s and 10 4 s). The area of TSPC peak at around 50 o C was estimated by deducting the current value shown by the broken line from the TSPC spectra.
This area should correspond to the charge amount ∆Q related to the TSPC. Then, the charge density ∆σ induced on the electrode by the TSPC is calculable by dividing ∆Q by the electrode area. Using these ∆σ values, the increment values of permittivity ∆ε r ' were calculated by Eq. (1) , and are shown in Table 1 , together with the peak temperature. In general, if charge carriers such as ions responsible for the conduction move in the sample in-phase with the applied voltage, they generate Joule heating and thus contribute to ε r ". In this case, if the charge carriers exchange charge on the electrodes to keep continuity with the electronic conduction current flowing through the external circuit, electrical neutrality is maintained throughout the sample, and no image charge is induced on the electrodes. Therefore, ε r ' does not increase. However, if ions accumulate in the vicinity of the electrodes to form hetero space charge layers without exchanging charge on the electrodes, image charge with the polarity opposite to the accumulated charge is induced on the electrodes. This corresponds to an increase in the charge density on the electrodes in a capacitor biased with a constant potential. Therefore, ε r ' increases due to such space charge polarization. Since more ions can contribute to space charge polarization at a lower frequency unless space charge polarization or the accumulation of hetero charge reach saturation within a time much shorter than a cycle of the voltage applied for the measurement, ε r ' increases with a decrease in frequency. The difference in the measured value of permittivity ∆ε r(meas) ' between the one (ε rL ') at a sufficiently low frequency (f L ) and the one (ε rH ') at a sufficiently high frequency (f H ), 
Introduction
Biodegradable polymers, which can be dissolved by microbe when buried without affecting environments and ecosystems, are attracting much attention. Although the dielectric property has been reported in relatively many papers (1)- (11) for poly-L-lactic acid, only little has been reported for other biodegradable polymers (5)- (11) . Therefore, the dielectric property of polybutylene succinate (PBS), a biodegradable polymer of which dielectric property has not been reported to the authors' knowledge, is examined in the present research.
Experimental
The sample is PBS with a chemical formula shown in Fig. 1 . It is of a film shape with a thickness of 20 µm. A circular gold electrode with an effective diameter of 20 mm was evaporated on each side of the sample.
Differential scanning calorimetry (DSC) was measured using Al 2 O 3 as the standard specimen at a heating rate of 0.17 K/s (= 10 K/min). Thermally stimulated polarization current (TSPC) was measured by elevating the sample temperature from -100 o C to 100 o C at a heating rate of 0.17 K/s just after a dc voltage with a value adjusted so as to give the average electric field E = 2.5 × 10 7 V/m had been applied (poling time t p = 0 s) in a N 2 atmosphere. Alternatively, TSPC was also measured by elevating the sample temperature from 20 o C to 100 o C at a heating rate of 0.17 K/s after the same dc voltage had been applied for 10 2 s, 10 3 s, or 10 4 s (poling time t p = 10 2 s, 10 3 s, or 10 4 s). During the TSPC measurement, the same dc voltage application was continued. Complex permittivity was measured by an impedance analyzer from -50 o C to 80 o C at every 10 o C step over a frequency range from 10 -3 or 10 -2 to 3 × 10 5 Hz in a N 2 atmosphere by applying an ac voltage of 3 V rms . Figure 2 shows the DSC spectra. In addition to a clear melting temperature (T m ) peak at 112 o C, a small endothermic peak is observed at around 55 o C as shown in the inset (c). Furthermore, the glass transition temperature (T g ) seems to be -36 o C --32 o C judging from Fig. 2 (b) and Ref. (11) . The measured values of ε r " at high frequencies of about 10 4 Hz or higher may be affected by the loss caused at connectors and circuits. Reliable data of ε r " were not obtained at temperatures lower than -10 o C probably because the values were too low. Figure 5 shows the TSPC spectra obtained at t p = 0 s, namely by elevating the sample temperature just after poling at -100 o C. A peak is observed at around -35 o C as shown in the inset (b). Figure 6 (a) shows an enlarged view of the higher-temperature portion of Fig. 5 together with TSPC spectra obtained by poling at 20 o C. A peak is observed at around 50 -60 o C in the spectra for t p = 0 s, 10 2 s and 10 3 s. The peak becomes smaller with an increase in the poling time, and is almost invisible when the poling time is 10 4 s. Figure 7 shows the temporal change in current measured by applying a dc average electric field E = 2.5 × 
Results

Discussion
When crystalline polymers are kept at temperatures between T g and T m , secondary crystals are formed by gradual crystallization of remaining amorphous regions between crystals (12) . Therefore, the present sample seems to contain secondary crystals, since T g is much lower than room temperature. A small endothermic peak observed at around 55 o C shown in Fig. 2 (c) is assumed to be due to melt of secondary crystals.
In Figs. 3 and 4, ε r ' increases with an increase in temperature.
It is almost flat at -50 o C which is lower than T g , while it tends to depend on frequency at temperatures higher than -40 o C. This seems to reflect the fact that when the sample becomes the rubber state by the glass transition, molecular motion become easy and dipoles and ions move easily in amorphous regions.
First, the relation between the glass transition and dipolar polarization is considered. The area of TSPC peak at around -35 o C shown in Fig. 5 (b) was estimated by deducting the current value shown by the broken line from the TSPC spectrum.
This area corresponds to the charge amount ∆Q related to the TSPC, and is calculated to be 8.2 × 10 -9 C. Then, the charge density ∆σ induced on the electrode by the TSPC is calculated to be 2.6 × 10 -5 C/m 2 by dividing ∆Q by the electrode area.
The density of the sample is 1.26 × 10 6 g/m 3 and the molecular weight of its repeating unit, C 8 H 12 O 4 , is 172. Since there are two carbonyl groups with a dipole moment 3.67 × 10 -31 C·m (13) in each repeating unit, it turns out that the number of carbonyl groups present in a unit volume (1 m 3 ) is 8.82 × 10 27 and that the total dipole moment therein should be 3.24 × 10 -3 C·m. Therefore, the charge density ∆σ theo induced on the electrode when all the polar groups rotate to the alignment in parallel with the electric field from the perfectly random orientation is calculated to be 3.24 × 10 -3 C/m 2 .
Since the peak temperature -35 o C of TSPC in Fig. 5 (b) almost agrees with T g shown in Fig. 2 , this TSPC peak seems to be due to the fact that dipoles become movable by the glass transition.
Although ∆σ theo is the theoretical maximum value under the assumption that all the dipoles rotate from the completely random distribution to the perfect alignment in parallel with the electric field, such complete polarization cannot be realized. Therefore, it is reasonable that ∆σ is only about 0.8 % of ∆σ theo . As will be described later, ∆σ calculated for the TSPC peak at around 50 o C turns out to be about 70 -500 times as large as ∆σ theo . Compared to this, ∆σ for the TSPC peak at -35 o C is significantly smaller.
From these results, the increment in ε r ' and the TSPC peak at around -35 o C seem to be due to the dipolar orientation induced by the glass transition.
Next, the significant increase in ε r ' and ε r " shown in Figs. 3(b) and 4 at low frequencies at temperatures higher than 0 o C, which are much higher than T g , is discussed by referring to Fig. 6 . As mentioned above, Fig. 6(a) shows TSPC spectra at higher temperatures obtained by poling at -100 o C (t p = 0 s) and by poling at 20 o C (t p = 10 2 s, 10 3 s and 10 4 s), whereas Fig. 6 (b) shows differential spectra obtained by deducting the almost linear conduction current component from TSPC spectra for t p = 0 s, 10 Table 1 , together with the peak temperature and the activation energy that will be explained later. Here, ε 0 is the permittivity of vacuum and E is the applied electric field.
Since ∆σ shown in Table 1 is about 70 -500 times as large as ∆σ theo , the theoretical maximum value under the assumption of dipolar polarization, the TSPC peak at around 50 o C with much more charge cannot be due to the dipolar polarization. Therefore, we have to assume other causes such as mobile ions. Presence of ions is very often observed in many organic polymers as an inevitable feature due to their synthetic processes or intentionally added additives. From the fact that T p is near the temperature at which secondary crystals melt, the TSPC is assumed to be caused by the expansion of amorphous regions where ions can move easily. When the poling time (t p ) is 10 4 s, the TSPC disappears because the migration of most of ions finishes before the elevation of temperature.
In general, if charge carriers such as ions responsible for the conduction move in the sample in-phase with the applied voltage, they generate Joule heating and thus contribute to ε r ". In this case, if the charge carriers exchange charge on the electrodes to keep continuity with the electronic conduction current flowing through the external circuit, electrical neutrality is maintained throughout the sample, and no image charge is induced on the electrodes. Therefore, ε r ' does not increase. However, if ions accumulate in the vicinity of the electrodes to form hetero space charge layers without exchanging charge on the electrodes, image charge with the polarity opposite to the accumulated charge is induced on the electrodes. This corresponds to an increase in the charge density on the electrodes in a capacitor biased with a constant potential. Therefore, ε r ' increases due to such space charge polarization. Since more ions can contribute to space charge polarization at a lower frequency unless space charge polarization or the accumulation of hetero charge reach saturation within a time much shorter than a cycle of the voltage applied for the measurement, ε r ' increases with a decrease in frequency, inducing a kind of low-frequency dispersion (14) . The difference in the measured value of permittivity ∆ε r(meas) ' between the one (ε rL ') at a sufficiently low frequency (f L ) and the one (ε rH ') at a sufficiently high frequency (f H ), should agree with the increment in permittivity ∆ε r(TSPC) ' calculated from the area of TSPC peak, if all the causes of dispersion between f L and f H appear completely in the TSPC spectra (15) . If we assume that f L and f H are 10 -3 Hz and 10 5 Hz respectively, ∆ε r(meas) ' can be calculated to be 1.9 × 10 3 at 50 o C and 2.7 × 10 3 at 60 o C from Fig. 3(b) . These values almost agree with the values of ∆ε r(TSPC) ', 1.1 × 10 3 at 50 o C and 2.5 × 10 3 at 60 o C listed in Table 1 , calculated from the TSPC peak areas for the poling time of 10 3 s with T p at around 50 o C and for 10 2 s with T p at around 60 o C. This indicates that the increment in ε r ' at low frequencies is due to the space charge polarization. However, it is true that ∆ε r(meas) ' varies largely, depending on f L because ε r ' increases rapidly with a decrease in frequency. Also, since the applied electric field is quite different between the TSPC measurement and the ε r ' measurement, further comparison would be meaningless.
In the case of simple Debye relaxation, ε rm ' at the frequency f m where ε r " shows the maximum can be expressed by However, as mentioned above, because of the influence of space charge polarization, f m cannot be decided in Fig. 4 . Therefore, an alternative method should be considered. When TSPC is due to a simple relaxation process, f m can be expressed by Eq. (4) from the TSPC peak temperature (T p ) and the activation energy H of the initial rising part of the TSPC peak (16) (17) . where R h is the heating rate and k is the Boltzmann constant. As shown in Fig. 3(b) , T p is 60 o C or 50 o C when the poling time is 10 2 s or 10 3 s, while H is calculated to be the values listed in Table  1 . Table 1 and the one at 3 × 10 5
Hz are assumed to be ε rm ' and ε rH ' respectively, ∆ε r(sr) ' turns out to Table 1 . Therefore, a complete agreement cannot be attained again among the permittivity increment ∆ε r(TSPC) ' calculated from the area of TSPC peak and the two values of such increment ∆ε r(meas) ' and ∆ε r(sr) ' both calculated from the measured values of ε r '. However, it should be assumed that the difference among the three values is not large, if we take it into consideration that they are based on the measurements with totally different principles.
On the other hand, if ε r ' is due to the migration of charge carriers as mentioned above, the conduction current induced by similar movement of charge carriers should contribute to ε r ". In this case, ε r " should be correlated with conductivity κ by where f is the frequency of the applied voltage (18) . Figure 8 compares the measured values of ε r " and the values calculated using the conductivity values 10 3 s after the voltage application shown in Fig. 7 . At 20 o C, the two values are almost identical especially at low frequencies, but the deviation between the two becomes larger at higher temperatures. One reason for this is that the current value at 20 o C shown in Fig. 7 , decreases significantly as the time exceeds 10 3 s. This indicates that hetero charge carriers acuumulate in the vicinity of the electrodes. This should reduce the electric field inside the sample, resulting in the decrease in the current and the apparent conductivity. If the effect of such hetero charge becomes clear earlier than 10 3 s at higher temperatures, the conductivity values 10 3 s after the voltage application should be lowered because of the space charge. Therefore, it is reasonable that discrepancy between the measured Fig. 7 . Temporal change in current at each temperature and the calculated values of ε r " is relatively larger at higher temperatures. Figure 9 compares the ε r " values measured at 40 o C and those calculated from the conductivity value 10 s after the voltage application. The two show a fairly good agreement, which supports the assumption that the increment in ε r " at low frequencies are due to mobile ions.
Conclusion
Behavior of conduction carriers in polybutylene succinate is examined by measuring DSC, TSPC and complex permittivity.
( 1 ) A small endothermic peak is observed in DSC at around 55 o C, which is due to melt of secondary crystals. A TSPC peak appears at around 50 o C, since ions become movable at this temperature at which secondary crystals melt.
( 2 ) The increment in ε r ' and a TSPC peak at around T g (= -36 --32 o C) seem to be due to dipolar orientation that become possible by the glass transition.
( 3 ) With a decrease in frequency, ε r ' increases significantly. The difference in the values of ε r ' measured at low and high frequencies almost agrees with the increment in ε r ' calculated from the area of TSPC peak, which corresponds to the charge amount induced on the electrodes. Also, these two values are close to the value calculated from the activation energy H, when H is calculated from the initial rising portion of the TSPC peak.
( 4 ) The increase in ε r ' at low frequencies is mainly due to space charge polarization induced by the migration of ionic carriers, which becomes more active with an increase in temperature.
( 5 ) At 20 o C, ε r " agrees well with the value calculated from the dc conductivity especially at low frequencies. However, the two ε r " values deviate more at higher temperatures. This seems attributable to the fact that the conductivity tends to be observed lower than the real value, since many hetero charge carriers accumulate in the vicinity of the electrodes at higher temperatures.
( 
